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Over the last decades, research has greatly improved the opportunities for optimizing N utilization in agriculture. However, recent reviews have pointed out that grassland farming and especially intensive dairy farming still has particularly low N use efficiencies (Davies 2000, Jarvis 2000, Jarvis & Aarts 2000). In Denmark, dairy farming covers about 25% of the agricultural area (Anonymous 1998) and is predominantly on sandy soils prone to nitrate leaching. To avoid the adverse environmental impact of nitrate leaching (Addiscott et al. 1991) it is therefore of considerable importance to improve the N efficiency of dairy farming systems.
In cut grassland systems N efficiency is usually high and even at fertilizer application rates of up to 400 kg N/ha little N is left in the field (Prins 1980). Consequently, nitrate leaching following cut grass is often very low (Simmelsgaard 1998). In contrast, intensive grassland management with livestock grazing by e.g. dairy cows has a marked effect on the grassland N cycle and increases the loss potential dramatically (Jarvis 2000). This is because ruminants excrete 75-95% of their N-intake (Whitehead 1995) and the main part of this is deposited directly in the field during grazing. Thus, a considerable build-up of N takes place in grazed grassland, the extent of which depends on fertilization, feeding of dairy cows, stocking density, time of grazing and the botanical composition of the sward (Cuttle & Scholefield 1995). Ploughing of grassland is therefore followed by a large increase in the mineralization of N  that often exceeds the need of the subsequent arable crop (Francis 1995, Eriksen et al. 1999). Depending on sward type and management in both the grassland and the arable phase of the rotation, this may result in large amounts of nitrate being leached. Especially in organic farming where grass-clover leys are used as opposed to pure grass leys, careful management is required during the ploughing out phase (Goulding 2000). Furthermore, organic fertilizers used in the organic crop rotations increase the nitrate leaching potential compared with mineral fertilizers (Thomsen et al. 1993).






The experiment was located on the Burrehøjvej field at Research Centre Foulum in the central part of Jutland (9°34’E, 56°29’N). The soil is classified as a Typic Hapludult and some soil properties are shown in Table 1. In 1994-96 unfertilized grass-clover (perennial ryegrass [Lolium perenne L.]/white clover [Trifolium repens L.]) and fertilized perennial ryegrass (300 kg N/ha) swards were continuously grazed by dairy cows receiving either low or high N levels in feed supplements (140 or 300 g N/cow per day, respectively). Swards were grazed approximately 150 days per year at an average stocking density of 4.8 cows/ha. The four grazed swards were arranged in a block design in the field with two replicates (Fig. 1). Outside the replicated block design were unreplicated fields of cut grass-clover and ryegrass.
In each of the four grazed swards (in two replicates) and in the two cut swards (as reference) six plots measuring 12x12 m were established (two plots for each of three fertilizer treatments). In early April 1997 the plots were rotovated to 6-8 cm depth and ploughed 10 days later to 20-22 cm. The crop sequence following ploughing of the swards was spring barley, spring wheat and spring barley in 1997, 98 and 99, respectively, all with perennial ryegrass undersown as catch crop (8 kg seed/ha). In the spring of 1998 and 1999 catch crops were incorporated in the same way as the original swards. 
Fertilizer treatments were 0, 115 or 230 kg total-N/ha in cattle slurry (ca. 55% NH4-N) using trailing hose application prior to ploughing and sowing of the cereals. To estimate pre-crop effects triplicate plots (3x12 m) in an adjacent field without grassland history but with the same crop sequence in 1997-99 were treated with increasing quantities of N fertilizer (0, 50, 75, 100, 125 and 150 kg N/ha as calcium ammonium nitrate). These plots also received 32 kg P and 168 kg K/ha in a PK-fertilizer. Apart from the fertilizer used in the reference area, organic farming practices (no mineral fertilizer and pesticides) were adopted for the cereal crops.

Plant and soil sampling
Prior to the start of the experiment, soil was sampled at 0.25 m intervals to a depth of 1 m in all eleven groups of plots (Fig. 1). Twenty soil cores (22 mm diameter) were sampled for each plot, bulked for each layer and mixed before analysis of soil textural composition, C-content, CEC and water content at pF 4.2. In each plot, 20 soil cores were sampled to 0.2 m, bulked and mixed before analysis of contents of C, total-N and pH.
Immediately before the start of soil tillage operations, roots and tops of each sward type were sampled. In each sward 16 soil cores (52 mm diameter) were sampled to a depth of 20 cm for determination of root biomass (Eriksen & Jensen, in press). For determination of corresponding aboveground biomass, grass tops were sampled in two 0.25 m2 areas in each plot by cutting at the soil surface. Dry matter, C and N contents were determined in all root and top samples. The procedure was repeated in the unfertilized plots in the spring of 1998 and 1999 before incorporation of the ryegrass catch crop.
In August-September, harvest yields were obtained in all plots from an area measuring 6x6 m using a plot combine. In 1999 barley was harvested as a wholecrop. In the adjacent field without grassland history an area of 1.5x10 m was used for harvesting. Sub-samples were taken for determination of DM and N content. 
Soil was sampled each year in March (prior to ploughing), August-September (after harvest), October and December at 0.25 m intervals to a depth of 1 m in plots receiving 0 or 230 kg N/ha in cattle slurry and in unfertilized plots of the reference area without grassland history. From each plot 8 soil cores (22 mm diameter) were taken, bulked for each soil layer and mixed before analysis of ammonium and nitrate content, which was determined in 1 M KCl (1:5 w/v) soil extracts using flow injection and auto-analyzer, respectively. 

Nitrate leaching
Before the start of the experiment, three ceramic suction cups were installed in each of the grazed plots and four cups in the cut plots at a depth of 1 m and 2 m apart. Every two weeks a suction of approximately 80 kPa was applied three days prior to sampling. The samples were analyzed separately or bulked with equal sample volume from each of the three or four replicates per plot before analysis of nitrate concentrations by the method of Best (1975). The nitrate determination also included nitrite, which was assumed to be negligible.
The water balance was calculated using the model Evacrop (Olesen & Heidmann 1990) for which inputs were daily meteorological measurements (precipitation, temperature and evaporation) and crop type, time of sowing and soil physical parameters. Nitrate leaching was estimated using the trapezoidal rule (Lord & Shepherd 1993), assuming that nitrate concentrations in the extracted soil water represented average flux concentrations. The accumulated leaching was calculated from the beginning of April to the end of March. 

Nitrogen balance
The N balance during the grassland period was calculated from measured data during this period (Søegaard et al., in press) and indirect estimates. Total herbage production under the cutting regime was determined by four cuts per year and under the grazing regime by seven growth rate determinations per year. Growth rates were determined after a non-grazing period of one week. N2-fixation was estimated from the amount of clover N in herbage using the formula by Høgh-Jensen et al. (1998) taking into account fixed N in roots and stubble, and transfer of fixed N to ryegrass via soil organic matter and via grazing animals. The dairy cows grazed approximately 16.8 h per day and on the basis of the time spent in the field, excretion here was set to 70% of total estimated excretion (Søegaard et al., in press).

Data analysis





The design of the experiment reflects the need during the grazing experiment in 1994-96 for proper fields that were able to carry an adequate number of dairy cows. Thus, the plots in the present experiment were up to 700 m apart (Fig. 1). Soil sampling to 1 m prior to the start of the experiment (Table 1) showed that for mineral composition, coefficients of variation (CV) were 6-17%. Similar low variability was found for organic C, water content at the wilting point (pF 4.2) and CEC in the topsoil. Low absolute values of these parameters caused CV in 0.25-1 m to be higher (10-35%). Soil samples from all single plots at 0-20 cm showed average total-N content of 0.23% (CV=12%) and average pH-value of 5.6 (CV=4%). Based on these relatively uniform soil conditions it was concluded that the cut grassland and plots with a cereal history would be appropriate to use as a reference to grazed grassland plots.

Incorporated plant residues
Each spring, plant material was incorporated, which in 1997 was the 3-year-old grass swards and in the following years the ryegrass catch crop. At this time the isolation of plant material was difficult and especially sampling of roots was subject to great uncertainty, with coefficients of variation of up to 57% (Table 2). Thus, statistically significant differences between grazed plots were not observed with respect to DM, N or C contents. There were however significant differences between years (P<0.001). The undersown grass was always well-established with a good ground cover in the autumn. Still, the amount of DM in the catch crops was only about 30% of that in the older grasslands, where on average 10.7 t/ha was incorporated. These quantities are higher than found in other studies (e.g. Hauggaard-Nielsen et al. 1998; Høgh-Jensen & Schjoerring 1997) which may be due to a higher age and more intensive use of the present pastures. Similarly, the average N content of the swards decreased from 283 kg N/ha in 1997 to 100 and 88 kg/ha in the following years (P<0.001). These changes were mainly caused by root DM that decreased much more dramatically than top-DM. At the initial ploughing, the root-to-top ratio was on average 16 compared to only 4.8 and 2.2 in the following years. The C/N ratio of the grass swards did not change although there was an increasing trend in the last catch crop.

Yield and residual effect
Yield response curves for fertilizer application to cereals for the three years following cultivation of different types of grassland and following a cereal history are shown in Fig. 2. Regression lines imply yield being a second order function of fertilizer input. To achieve the best comparability the ammonium-N content in slurry was used to express plant-available N. Where the history was cereal cropping, maximum yields in the years 1997 to 1999 were achieved at a fertilizer input of 115, 100 and 130 kg N/ha, respectively, which was close to current fertilizer recommendations in those crops. The lower fertilizer consumption to achieve maximum yield in spring wheat in 1998 probably reflected the yield being below the potential because of poor growth conditions in this year.
Yields were generally higher with a grassland history than with a cereal history, especially in the first year after ploughing. Following grass-clover, yields was 4.7-4.9 t DM/ha in the unfertilized plots whereas the maximum yield following cereals were 4.7 t/ha at a fertilizer application of 115 kg N/ha. Thus, the residual effect (the amount of fertilizer N necessary to substitute this effect) was at least 115 kg N/ha. The residual effect of grazed ryegrass was 90-100 kg N/ha while for cut ryegrass it was only 25 kg N/ha. Differences in yield between the four grazed grassland histories were not significant. Slurry application further increased the yields following grasslands (P<0.001). Increases were small where the residual effect was highest but considerably greater following cut ryegrass. Higher maximum yields following grassland than following cereal were probably caused by non-nitrogen effects of grassland such as improved soil structure and better resistance against fungal diseases. Furthermore, nutrients other than N in the cattle slurry or mineralized from the pasture residues may have had an effect. As organic farming practices were adopted, it was decided to avoid a basal PK-fertilization to barley in the grassland plots. Soil analysis in October 1996 showed mean contents of extractable P and exchangeable K of 35 and 95 mg/kg, respectively, which was considered sufficient to justify this compromise. Three years later in the autumn of 1999 the content of extractable P was the same and exchangeable K had dropped to a mean of 43 mg/kg. It seems unlikely that the crops were K-limited as investigations in 1999 showed that at similar soil K levels barley did not respond to K application on this soil type (Askegaard, personal communication).
In the second year after grassland cultivation (the first year of ryegrass catch crop incorporation), yield levels dropped in comparison with the mineral fertilized reference plots (Fig. 2). Without fertilizer application, spring wheat yields were 2.9-3.1 t DM/ha except after cut ryegrass where it was 2.2 t/ha. In the second year after grassland ploughing, the residual effects were 60 kg N/ha after grass-clover, 40 kg N/ha after grazed ryegrass and negative after cut ryegrass. As in the first year, only the effect of fertilizer application significantly influenced yields following grazed grasslands (P<0.001). The yield increase by fertilizer application in the second year in plots following cut ryegrass was close to the first year increase of about 60%, but for the other grasslands it was higher in the second year, viz. 11 and 18% in first and second year, respectively. This was expected since lower residual effects should result in better fertilizer responses.
In the third year after grassland cultivation, the pre-crop effect was either very small or non-existent. The yield response curve for application of mineral fertilizer to barley wholecrop without grassland history was nearly identical to yield curves after grassland. Thus, the yield response to slurry application was large at 31-80%.

Soil inorganic N
The content of inorganic N at 0-1 m depth was influenced by both grassland history and fertilizer application to the cereal crops (Fig. 3). Following grazed grassland there was a significant effect of grassland history throughout the first year (March to December 1997) at the 1 or 5% level. Thus, in the first year soil inorganic N was higher following grazing by dairy cows fed with high protein levels compared to cows fed low protein levels, and it was higher following grass-clover compared to ryegrass. In the second and third year after ploughing, grassland history did not significantly influence soil inorganic N.
In contrast to the decreasing effect of grassland history a significant effect (P<0.001) of fertilizer application to cereals following grass was observed on all sampling dates after ploughing, except for the last sampling in December 1999. Fertilizer application influenced soil inorganic N much more than did grassland history (Fig. 3).
In reference plots with a history of cereal cropping the content of inorganic N was constant at 25-40 kg N/ha throughout the experimental period (results not shown). In fertilized former grassland plots with high inorganic N levels after ploughing the content varied more during the first two years of the experiment. In these plots an increase in soil inorganic N was observed from spring to harvest followed by a decrease in the autumn. During the three years inorganic N decreased in all former grassland plots to almost the level of the reference area without grassland history.
The high soil inorganic N content after harvest in several grassland treatments indicated a higher leaching potential compared to the cereal-cropped reference. However, a major part of this N was present in the top-soil (results not shown). In year 1 and 2 after ploughing 57-83% of inorganic N at 0-1 m depth was present in the top 0.25 m layer, compared to only 3-14% in the 0.75-1 m layer, giving the ryegrass catch crop an opportunity to absorb the excess N.
Soil content of inorganic N in the spring was not a good index for plant-available N as the N-uptake in plants far exceeded the inorganic N content at this time. This is because snapshot measurements of inorganic N in the soil only provides a partial prediction of soil N supply as the bulk of soil N is found in organic forms (Stockdale et al. 1997). This is particularly the case for fields recently ploughed out of grass where mineralization is likely to release much nitrate after the sampling date (Shepherd 1993).
It may seem surprising that soil inorganic N in the different grassland histories only differed little before cultivation as the previous management may have influenced the build-up of readily mineralizable materials. However, inorganic N may not be a good indicator for this since Gill et al. (1995) found no clear relationship between mineral N status and mineralization rate in long-term pasture.

Nitrate leaching
In all three years, rainfall was slightly above the long-term annual mean of 770 mm at this site. In the three hydrological years (April to March) from 1997 to 2000 a rainfall of 809, 898 and 943 mm, respectively, was recorded. These differences were also reflected in the drainage to below the root zone (1 m) of 325, 476 and 506 mm, respectively. Average nitrate leaching in the three years was 36, 47 and 21 kg NO3-N/ha, respectively (Fig. 4). When corrected for differences in drainage, nitrate leaching was clearly decreasing as a function of time after cultivation of grassland. Thus, per mm of drainage, 111, 98 and 41 g NO3-N was leached in the three successive years in agreement with decreasing residual effects and decreasing soil mineral N content.
Application of fertilizer-N to cereals following grassland influenced nitrate leaching more than the history of the grassland. No significant effect of grassland history was found among the grazed pastures (Fig. 4). It appears after cut ryegrass and in contrast to cut grass-clover, nitrate leaching was lower than following grazed grassland. The effect of fertilizer application was highly significant (P<0.001) in all three years. Nitrate leaching always increased when applying the medium level of slurry (115 kg total-N/ha, with 55% as NH4-N), and at least doubled when applying the highest level (130 kg total-N/ha) compared with unfertilized plots. In the first year after cultivation, increased losses were probably caused by the high residual effect supplying sufficient N for the slurry application to exceed the N-optimum of the barley crop. It may seem surprising that slurry application had such a dramatic effect on nitrate leaching in the second and especially the third year. This was probably caused by the use of organic fertilizer, as animal manure can be responsible for a substantial proportion of the nitrate lost by leaching compared with soil receiving mineral fertilizer only (Thomsen et al. 1997). Furthermore, the cumulative effect of annual fertilizer application to the same plots probably increased the effect of slurry application on nitrate leaching in the second and third year. The cumulative effect caused leaching losses in all fertilized plots to increase from the first to the second year while it was the opposite in the unfertilized plots (Fig. 4).
Annual mean nitrate concentrations in unfertilized plots were 33, 15 and 9 mg NO3/l in the three successive years, which is well below the EU Drinking Water Directive upper limit of 50 mg NO3/l. This was probably only possible because of an efficient catch crop (Shepherd & Lord 1996) since the cultivation of grassland is commonly seen as the potentially leakiest stage in a mixed crop rotation. Fertilizer application caused nitrate concentrations to exceed the EU limit in most cases, especially in the first year. The exception was following cut ryegrass with only 29 mg NO3/l in year 1 at the highest fertilizer application rate. In the third year the annual mean nitrate concentrations were always below the EU-limit even at the highest fertilizer application rate. In conclusion, it seems possible under the present climatic conditions to keep annual average nitrate levels in drainage below the EU limit of 50 mg/l following cultivation of grassland if efficient catch crops are used and if fertilizer application is kept to a minimum. Supplementary fertilizer use should be adjusted to meet only the gap between crop demand and residual effect of the grassland.

Nitrogen balance
The presented N balance (Table 3) is not complete, as only items obtained through direct or indirect measurements were included. Thus, atmospheric deposition, gaseous losses of N and nitrate leaching during the pasture phase are missing. The atmospheric deposition was earlier estimated at 14 kg N/ha per year at this location (Grundahl & Hansen 1990). The N balance will be subject to some uncertainty, especially during the pasture phase, where estimates were based only partly on direct measurements. The estimates of nitrate leaching in the arable phase are considered more reliable. The suction cup technique has been widely used for measurements of nitrate leaching. Although it may have serious limitations in structured clay soils (Hatch et al. 1997) it has been identified as the best practicable method for freely drained, structureless soils (Goulding 2000). However, recent research has discovered leaching losses of soluble organic forms of N that ceramic cups are not suitable for measuring (Murphy et al. 2000) and these have not been accounted for in the balance.
During the pasture phase of the rotation (1994-96) the N surplus increased considerably in the order: cut – grazed low N – grazed high N (Table 3, top) as a consequence of increasing N deposition in dung and urine. The N-surplus was higher in grazed ryegrass compared with grass-clover due to higher fertilizer inputs and lower N-uptake in herbage. N-uptake in plants and nitrate leaching for three years after grassland cultivation are shown for the unfertilized plots (Table 3, bottom). Overall, leaching losses from grass and grass-clover mixtures were similar. There were no significant differences between N-outputs following the four grazed pastures. Differences in the N balance caused by different grassland management were only observed in grass, where leaching in the first and second year increased 3 to 4-fold when comparing cutting with grazing at high N supplement levels. In the third year after cultivation of grazed pastures, the N-uptake in barley was 80-93 kg N/ha, which is equivalent to the unfertilized plots of the reference area without grassland history, where the N-uptake in all three years was 80-90 kg N/ha. This corresponds to the mineralization of indigenous soil organic matter in this soil type (Debosz 1994).
For grazed grassland, the sum of leaching losses and N-uptake in crops in the three years did not match the huge N-surplus. The most extreme was grazed high-N grass, where almost 1000 kg N/ha accumulated over three years and only about 400 kg/ha was recovered in leaching and N-uptake after cultivation. A major part of the difference was probably already lost as nitrate leaching and gaseous emissions before ploughing of the grassland. The quantity of N lost during grazing depends on the equilibrium between inputs and the soil organic N pool, which again depends on the age of the pasture. When comparing older and newly reseeded pastures, Scholefield et al. (1993) found that nitrate leaching losses were 50% lower in the reseeded fields compared to the permanent pasture. Similarly, Ledgard et al. (1999) found the N-surplus of permanent pastures to be equal to the losses by nitrate leaching, ammonia volatilization and denitrification. It is uncertain how close to equilibrium the situation was at the time of ploughing in the present experiment, but in a system without grazing Johnston et al. (1994) found that N accumulation reached a maximum in third year grass-clover. Therefore, it seems likely that substantial losses of N occurred in the third and perhaps already in the second year of the pastures. Under similar conditions Jarvis et al. (1989) estimated the ammonia emission from grazed pasture to constitute 3 and 11% of N in faeces and urine excreted, respectively. In the present study this corresponds to 17-25 kg N/ha per year, depending on the N-level in feed (Petersen et al. 1998). Denitrification losses, including N2O emissions, have been estimated at 8-13 kg N/ha per year (Colbourn 1993; Klein & van Logtestijn 1994, Ruz-Jerez et al. 1994, Ledgard et al. 1996). Thus, total gaseous losses from the grazed pastures were probably in the order of 25-38 kg N/ha per year, which leaves nitrate leaching as the major loss pathway if the N-surplus is to be explained by losses. 





The huge N-pool in grazed grassland mineralized upon cultivation presents a potential environmental hazard. This work showed that when using good management practices (spring ploughing and catch crops) the release of N from three-year-old grasslands gave a considerable residual effect for two years after ploughing but nitrate concentrations in leachates did not exceed the EU Drinking Water Directive upper limit of 50 mg/l. In the first year the residual effect of grazed grasslands was large enough for supplementary fertilizer to be unnecessary, but in the following years gradually more and more fertilizer N was required to obtain optimal yields. The total leaching loss from a dairy rotation depends on the utilization of the N accumulated in grassland. Leaching losses are minimized by including residual effects in the fertilizer requirements of crops following the ploughing of grasslands.
The history of the grazed grassland (grass-clover or ryegrass, low or high N levels in feed) did not affect residual effects and nitrate leaching. Presumably, huge differences in N-input during the grassland phase of the crop rotation were equalized by substantial but variable N losses during grazing. Possibilities for further improving the utilization of grassland N following cultivation are limited when the current knowledge has been implemented. If the N use efficiency of dairy farming systems is to be further improved the utilization of N in the pasture phase must be considered regarding the frequency of pastures in the rotations and the management during grazing.
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